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a b s t r a c t 
This work aims the synthesis and characterization of ZnO/SiO 2 nanocatalyst from plant waste material by 
green route and application of this ZnO/SiO 2 nanocatalyst for the treatment of petroleum reﬁnery eﬄu- 
ent. Butea monosperma (Palash) leaves’ powder was used as reducing and stabilizing agent for synthesis 
of ZnO/SiO 2 nanocatalyst. Palash leaves contain broad variability of biomolecules which work as reducing 
and capping agent. In this research work, COD and acenaphthylene which is Polycyclic Aromatic Hydro- 
carbons (PAH) were degraded by synthesizing ZnO/SiO 2 nanocatalyst under UV-light in an annular photo- 
catalytic reactor. X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), FIELD emission 
gun-Scanning electron microscopy (FEG-SEM), Energy dispersive X-ray (EDX) and Transmission electron 
microscopy (TEM) analysis conﬁrmed the formation of ZnO/SiO 2 nanocatalyst. Characterization studies re- 
vealed that spherical and hexagonal nanoparticles with particle size ranging from 8 ±5 nm to 40 ±5 nm 
and mean particle with diameter of 20 ±5 nm were synthesized using this method which is stable in 
the environment. Brunauer, Emmett and Teller (BET) surface area of ZnO/SiO 2 nanocatalyst is found to 
be 150.25 m 2 /g. Fractional Factorial design was applied to ﬁnd optimum condition of process parameters 
and found that optimum percent. Removal of COD (mg/l), and acenaphthylene were achieved at reaction 
condition of 1 g/L of ZnO/SiO 2 nanocatalyst loading, 30 °C temperature and 4 h reaction time and found 
that optimum percent removal of COD (mg/l), and acenaphthylene is 75%, and 73% respectively. Various 
metals, naturally present in palash leaves’ powder, decrease band gap of energy and improve photocat- 
alytic activity of nanocatalyst. 
© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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 1. Introduction 
Petroleum reﬁnery industries discharge highly polluted water,
which creates health problems for human beings, disturbs eco-
system and also pollutes ground water so treatment of petroleum
reﬁnery eﬄuent is a very big challenge before discharging of
the contaminated water into the water bodies or environment.
Petroleum reﬁnery eﬄuent contains Chemical Oxygen Demand
(COD), Biological oxygen demand (BOD), total petroleum hydrocar-
bon (TPH), oil and grease (O & G), Sulphate and phenols as pol-
lutants [1,2] . Petroleum reﬁnery eﬄuent contains many polycyclic
aromatic hydrocarbons such as naphthalene, anthracene, acenaph-
thylene, acenaphthene, ﬂuorene, phenanthrene etc. Photocatalytic
degradation is a very effective treatment method which reduces
an eﬃciently COD and hydrocarbons from wastewater [3,4] . The∗ Corresponding author. 
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2405-6537/© 2017 Tomsk Polytechnic University. Published by Elsevier B.V. This is an ope
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) haracteristics of some petroleum reﬁneries wastewater are given
n Table 1 . 
The conventional treatment of reﬁnery wastewater depends
n the physicochemical and mechanical techniques and further
iological treatments in the integrated activated sludge treat-
ent units. Concerning the way that distinctive concentrations of
liphatic and aromatic petroleum hydrocarbons are available in re-
nery wastewaters, among which the aromatic fraction is not read-
ly degraded by the conventional treatments and is more toxic,
here is still a requirement for cutting edge strategies to reduce
his kind of pollutants however much as could reasonably be ex-
ected. The photocatalysis is one of the procedures which can to-
ally degrade the organic contaminations into safe inorganic sub-
tances, for example, CO 2 and H 2 O under mild conditions. 
Palash leaves have been using for biomedical purposes but
t was not used for synthesis of nanocatalyst yet. Palash leaves
ontain many biomolecules these are Alkaloids, Phenolic acid,
lavonoids Carbohydrate and Protein which make it strongn access article under the CC BY-NC-ND license. 
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Table 1 
Typical composition of some petroleum reﬁnery eﬄuents [23] . (Composition 
(mg/L). 
Parameters Reﬁnery −1 Reﬁnery −2 Reﬁnery-3 Reﬁnery- 4 
pH 7–9 6.5–7.5 8.0 10 
COD 30 0–60 0 170–180 80–120 80.8 
BOD 150–360 – 40.25 8.0 
PAH 50–100 20–60 20–30 10–20 
O&G < 50 NR – 45 
SS < 150 420–650 22.8 NR 
Ammonia 15 – – 22 
Phenols – – – 30 
Sulphides 22 887 – 10 
Table 2. 
Characteristics of petroleum reﬁnery wastewater Composition (mg/L). 
pH COD BOD SS PAH Phenol Sulphide Oil-grease 
8.76 550 250 110 50–100 90 5 500 
Table 3. 
The operative conditions of experiments. 
Parameter Value 
COD Concentration in reﬁnery wastewater Up to 550 mg/L −1 
Acenaphthylene in synthesis aqueous solution Up to 100 mg/L −1 
pH 3–11 
Temperature 25–45 °C 
Irradiation time Up to 6 h 
Light intensity 11 W/m 2 
Catalyst dose 0.5 to 1.5 g/L 
Fractional Factorial Design 
Factors: 5 Base Designs: 5, 8 Resolution: III 
Runs: 24 Replicates: 3 Fraction: 1/4 
Blocks: 1 Center pts (total): 0 
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Fig. 1. Mechanism and role biomolecules present in palash leaves powder for 
nanocatalyst synthesis. 
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m  iomass for synthesis of nanocatalyst. Functional groups present in
avonoids, carbohydrate, proteins work as reducing and stabilizing
gent in chemical method coating surfactance are used for coating
f functional group as stabilizing agent but in this method func-
ional groups coated naturally. So in this experiments palash leaves
owder has been used as reducing and stabilizing agent [5-9] . 
The object of the current research work is the green synthe-
is of enhanced photocatalyst of ZnO/SiO 2 nanocatalyst by using
alash leaves’ powder as reducing and stabilizing agent. After syn-
hesis of nanocatalyst, various characterizations like XRD, FEG-SEM,
EM, FTIR, EDX, and BET were also carried out to know the size,
orphology, and functional groups present in the nanocatalyst.
o treat petroleum reﬁnery eﬄuent and increase the eﬃciency
f nanocatalyst to reduce the concentration of acenaphthylene as
AH, and COD as pollutants from the petroleum reﬁnery eﬄuent
Palash leaves contain a wide range of biomolecules which work as
educing and stabilizing agent and thus increase the reaction rate
f the synthesis of nanocatalyst. Palash leaves contain Protein, Car-
ohydrate etc. as biomolecules. Palash leaves also contain Si, Mg, S,
, Ca, and Cu, Zn metallic and nonmetallic elements naturally and
hus increase photocatalytic activity of nanocatalyst [6] .The objec-Table 4. 
Factors and their levels used for two-levels use
for acenaphthylene. 
Factor name Factor Code 
pH A 
Time (h) B 
Catalyst loading (g/L) C 
Initial concentration (mg/L) D 
Temperature ( °C) E 
UV- Intensity (W/cm 2 ) Constant ive of this study is to optimize the operating parameters in pho-
ocatalytic degradation of COD and acenaphthylene using an annu-
ar reactor. ZnO/SiO 2 nanocatalyst was used in this study for reﬁn-
ry wastewater treatment. The operating parameters which include
nitial pollutant concentration, catalyst loading, initial wastewater
H, UV light intensity and operating temperature. Optimum pa-
ameter values depends on the target pollutant, type of catalyst
nd design of reactor used; hence there is a need to evaluate opti-
um operating parameter values for every new photocatalytic pol-d for two-level fractional factorial design 
Low level ( −1) High level ( + 1) 
9.0 11.0 
4 6 
1.0 1.5 
50 100 
25 30 
11 11 
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Fig. 2. Effect of pH on the yield of nanocatalyst by biosynthesis method for 1 liter 
of ZnO/SiO 2 solution. 
Fig. 3. EDX spectra of palsh leaves powder before ZnO/SiO 2 nanocatalyst. 
Fig. 4. EDX spectra for ZnO/SiO 2 nanocatalyst by Palash leaves powder. 
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o  lutant. In the present study, Fractional Factorial design was used in
determining the optimum values of operating parameters in pho-
tocatalytic COD, acenaphthylene degradation using a photocatalytic
reactor [10,11] . 
2. Materials and methods 
2.1. Materials 
Palash leaves were collected from MANIT campus Bhopal. ZnO
(with 99% purity) was supplied by Molychem Company, Mumbai,
HCl (36% purity) acid was used to make 1 M solution to dissolve
ZnO in water; this Chemical was supplied by A. B. Enterprises,
Mumbai. NaOH, to make a 1 N solution to change pH; was sup-lied by A. B. Enterprises, Mumbai, and double distilled water;
etroleum reﬁnery eﬄuent was collected from Northern petroleum
eﬁnery industry. 
.2. Methods 
.2.1. Synthesis of ZnO/SiO 2 nanocatalyst 
For the synthesis of ZnO/SiO 2 nanocatalyst, by utilizing palash
eaves’ Powder as reducing and stabilizing agent, ﬁrstly the gath-
red palash leaves were washed and dried. Also, the dried palash
eaves were processed and screened utilizing a 34 work strainer.
or the synthesis of ZnO/SiO 2 nanocatalyst, a 0.5 g of dried Palash
eaves’ powder was added to 50 mL of 1 mM aqueous ZnO solution
nd heated at 60 °C for an h. It was found that ZnO is insoluble in
ater however in the wake of including a couple drops of 1 N HCl,
t gets to be water dissolvable. The nanocatalyst of ZnO/SiO 2 accel-
rated at the base of the conical ﬂask in the wake of taking 1 h
s reaction time. A change in color of the solution from brownish
ellow to dark brownish occurred, conﬁrming the green synthesis
f ZnO/SiO 2. The test was performed at various pH levels to know
he impact of pH on nanocatalyst yield. The test was performed at
H level that range from 3 to 11. After the precipitation, the sus-
ension over the precipitate was centrifuged at 10,0 0 0 rpm to iso-
ate ZnO/SiO 2 nanocatalyst from biomass buildup. After partition,
nO/SiO 2 nanocatalyst was dried at 60 °C in the oven. 
.3. Characterization 
The characterization of ZnO/SiO 2 nanocatalyst was carried out
y BET, EDX, FTIR, FEG-SEM, and XRD analysis. EDX, FEG-SEM, and
EM analyses were carried out at SAIF, 
IIT Mumbai. FTIR and XRD analyses were carried out at cen-
ral laboratory facility of North Maharastra University, Jalgaon. BET
nalysis was carried out at Delhi University, Delhi to ﬁnd the sur-
ace area of nanocatalyst. EDX analysis was carried out for elemen-
al analysis of nanocatalyst, FTIR analysis was carried outto ﬁnd
unctional groups present in ZnO/SiO 2 nanocatalyst, XRD analysis
as carried out to ﬁnd crystal structure of nanocatalyst and for
hase identiﬁcation. FEG-SEM analysis was carried out to ﬁnd par-
icle size, shape, and distribution of nanocatalyst. 
.4. Analytical method 
Petroleum reﬁnery wastewater for treatment was collected
rom Northern petroleum reﬁnery. The composition of reﬁnery
astewater was analyzed by standard EPA methods and has been
hown in Table 2 . 
.5. Treatment of petroleum reﬁnery eﬄuent with ZnO/SiO 2 
anocatalyst 
Synthesized nanocatalyst was used to treat petroleum reﬁnery
ﬄuent. Different catalyst loads were used to obtain optimum per-
ent removal of pollutants.The catalyst concentration was varied
s 0.5 g/L, 1.0 g/L and 1.5 g/L to treat petroleum reﬁnery eﬄu-
nt .Various reaction parameters were set during the treatment of
etroleum reﬁnery eﬄuent to ﬁnd out their effect on the perfor-
ance of photocatalytic reaction. These parameters were pH, reac-
ion time, and catalyst loads, temperature and initial concentration.
he pH range for treatment of petroleum reﬁnery eﬄuent was var-
ed from 3 to 11 for COD removal. The pH was varied from 9 to11
o ﬁnd the effect of pH on percent removal of acenaphthylene, it is
oluble in aqueous water sample at alkaline medium. The photo-
atalytic reaction, to treat petroleum reﬁnery eﬄuent in presence
f UV-light, was performed for 6 h duration. To ﬁnd the effect of
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Fig. 5. FEG-SEM image of ZnO/SiO 2 nanocatalyst by palash leaves powder. 
Table 5. 
Factors and their levels used for two-levels used for two-level fractional factorial design 
for COD. 
Factor name Factor Code Low level ( −1) High level ( + 1) 
pH A 9.0 11.0 
Time (h) B 4 6 
Catalyst loading (gm/L) C 1.0 1.5 
Initial concentration (mg/L) D 550 275 
Temperature ( °C) E 25 30 
UV- Intensity (W/cm 2 ) Constant 11 11 
Table. 6. 
Infrared spectroscopy analysis of ZnO/SiO 2 nanocat- 
alyst by Palash leaves Powder. 
Frequency (cm −1 ) Bond 
492.83 ZnO stretching [18,24] 
796.63 N-H stretching [20,25] 
981.80 Si –O-Si stretching [20,26] 
1028.09 C-N stretching [20,26] 
1065.71 C –O stretching [20,25] 
1337.68 C = O stretching [26] 
1524.78 C –O stretching [15] 
1634.73 N –H stretching [13,15,27] 
1764.93 C = O [13] 
2293.44 O-H stretching [18] 
3088.14 O –H Stretching [13] 
3606.04 O –H Stretching [18] 
3739.13 Si –OH Stretching [26] 
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cime on percent removal of pollutants, like COD, and acenaphthy-
ene samples were taken and analysed at the various time intervalsuch as 0.5 h, 1 h, 2 h 3 h 4 h,5 h,6 h The photocatalytic reaction
o treat petroleum reﬁnery eﬄuent was performed in the annular
hotocatalytic reactor at 25 °C and 30 °C temperature and 6 h as
eaction time at different pH. The reaction was performed in the
eactor for 6 h’ duration and samples were withdrawn from annu-
ar reactor periodically in the time interval of 0.5 h, 1 h, 1.5 h, 2 h,
 h, 4 h, 5 h, and 6 h The synthetic aqueous solution of acenaph-
hylene was used to ﬁnd percent removal of PAH by the photocat-
lytic reaction by HPLC analysis. The petroleum reﬁnery eﬄuent
as treated to ﬁnd percent removal of COD by spectrophotome-
er. After 6 h, reaction samples were ﬁltered and were analysed
o know the residual concentration of pollutant like acenaphthy-
ene (PAH), and COD (mg/L). The concentration of acenaphthylene
as found by HPLC (Waters PAH Column 5 μm 4.6 ×250 mm at
7 °C), and COD was found by spectrophotometer. The operative
onditions of experiments have been shown in Table 3 . 
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Fig. 6. Calculation of mean particle diameter and Particle size range from FEG-SEM 
image. 
Fig. 7. TEM image of ZnO/SiO 2 nanocatalyst by palash leaves powder. 
Fig. 8. Calculation of mean particle diameter and Particle size range from FEG-SEM 
image. 
 
 
Fig. 9. HR-TEM for single particle of ZnO/SiO 2 nanocatalyst. 
Fig. 10. XRD pattern of ZnO/SiO 2 nanocatalyst synthesized by palash leaves powder. 
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o2.6. Photocatalytic annular reactor 
This is basically a batch reactor with two coaxial cylinders. The
inner cylinder is used for reaction and UV-lamp is placed on the
symmetry axis. The total volume of the reactor is 1 L. The outer cylinder is used for water circulation at the main-
ained temperature inside the reactor. The outer walls of the reac-
or are designed in this way that they reﬂect maximum photons
mitted by UV-lamp to the reaction medium. Magnetic stirrer has
een used at the bottom of the reactor for uniform mixing. For
erforming this experiment, 0.5 g nanocatalyst was mixed with
00 ml petroleum reﬁnery eﬄuent and the UV-light (11 W/cm 2 )
as started for photocatalytic degradation of acenaphthylene, and
OD. 
.7. Photocatalytic degradation studies and kinetic 
The amount of the acenaphthylene, COD uptake and percent-
ge removal acanaphthylene, COD were calculated by following
q. (1) and (2) respectively: 
 t = ( C o − C t ) ∗ V 
M 
(1)
 remo val = 100 ∗ ( C o − C t ) 1 
C o 
(2)
here q t is the removal capacity (COD, acenaphtylene removal by
ass unit of the catalyst, mg/g), C o and C t are the concentration
f COD and acenaphthylene at initial and at time t (mg/L) respec-
ively. M is the catalyst amount (g), and V is the volume of the so-
ution (L). The reaction kinetic was performed by zero-order, ﬁrst-
rder, second-order kinetic and intra-particle diffusion model. 
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Fig. 11. AFM analysis of ZnO/SiO 2 nanocatalyst synthesized by palash leaves powder. 
Fig. 12. FTIR analysis of palash leaves powder. 
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Z  .8. Theory and calculation 
1 mM ZnO aqueous solution of bulk size ZnO powder was
sed as a precursor for the synthesis of ZnO nanocatalyst. Initially,
nO was insoluble in water but after adding a few drops of 1 M
Cl acid in ZnO solution, a clear solution appeared. ZnO is com-
letely soluble in water after adding HCl due to the decomposing
f ZnO into ZnCl 2 and H 2 O. Here ZnCl 2 works as a precursor to
rovide Zn + 2 ions to convert these Zn + 2 ions in nano range with
iomolecules present in palash leaves’ powder. After bio reduction
rocess, bulk size ZnO was reduced in nano range because palash
eaves’ powder contains various biomolecules which work here as
educing and stabilizing agents. Mechanism of ZnO/SiO 2 nanocat-
lyst synthesis by palash leaves’ powder has been explained by
harati and Suresh in their previous work [12] .This is the advan-
age of using palash leaves’ powder as reducing and stabilizing
gent since SiO 2 is naturally present in palash leaves. 
.9. Optimization 
Optimization was performed by Fractional Factorial Design to
now effect of various parameters such as pH, catalyst loading, and
nitial concentration of pollutants, temperature and time for reﬁn-
ry wastewater treatment for COD removal and for acenaphthylene
emoval from synthetic aqueous solution. .9.1. Experimental design 
The effects of pH, irradiation time, light intensity ZnO/SiO 2 cat-
lyst loading, and initial COD & acenaphthylene concentration on
he eﬃciency of COD & acenaphthylene photocatalyzed degrada-
ion process were investigated. Fractional Factorial design (FFC)
as applied in optimization of process parameters in photocat-
lytic degradation of COD and acenaphthylene under UV light. Two
evels for each of the ﬁve factors (2 x ) were assigned either as low
 −1) or high ( + 1) as shown in Table 4 and Table 5 . Eight sets
f experimental conditions (2 5 –2 , quarter factorial design. resolu-
ion III) were performed in three replicates shown in Table. 4 and
able 5 , Under UV-light each experiment speciﬁed has been per-
ormed. The optimum conditions are 225 mg/L initial COD concen-
ration, A (75) % removal of COD removal of petroleum reﬁnery
astewater, and a (73) % removal of acenaphthylene of synthesis
queous solution was observed under UV-light in 4 h for 50 mg/L
nitial concentration. Table 4 and Table 5 show Fractional Factorial
esign for acenaphthylene and COD respectively. 
. Results and discussion 
.1. Mechanism for synthesis of ZnO/SiO 2 nanocatalyst by palash 
eaves powder 
In this experiment 1 mM ZnO aqueous solution was taken ZnO
as insoluble in water so some drops of 1 N HCl was added, clear
oltion of ZnCl 2 got which was used as salt precursor of Zn 
2 + ions,
han few drops of NaOH was added in ZnO and palash leaves pow-
er reaction at alkaline pH 9.5 
nO (bulk) + 2HCl → ZnCl 2 + H 2 O (3)
hen, NaOH was added for reaction at an alkali is medium, the
OOH group combines with OH − ions from the alkali by loss of
 
+ to form 
n + 2 + NH 2 CHRCOOH (aq) + 2OH − (aq) → Zn (OH) 2 + NH 2 
HRCOO − (aq) (4) 
his reaction is shown for amino acid present in protein
iomolecules same reaction will happen for other biomolecules
resent in palash leaves powder, this amino acid & other functional
roups present in biomolecules will be coated with ZnO nanopar-
icles to work as reducing and stabilizing agent 
n(OH) 2 → ZnO (nanoparticles) + H 2 O (5)
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Fig. 13. FTIR analysis of ZnO/SiO 2 nanocatalyst synthesized by palash leaves powder. 
Fig. 14. Effect of pH on % degradation of acenaphthylene at different irradiation of 
times (Catalyst loading = 1 g/L, T = 30 °C). 
 
 
 
 
Fig. 15. Effect of the amount of ZnO/SiO 2 on reduction of acenaphthylene at differ- 
ent irradiations time (pH = 9 and T = 30 °C). 
m  
t  
t  
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p  SiO 2 was naturally present in palash leaves powder shown by EDX
and FTIR of paalsh leaves powder [13-15] . 
The mechanism and role of biomolecules present in palash
leaves are shown in Fig. 1 
3.2. Nanocatalyst synthesis 
ZnO/SiO 2 nanocatalyst was synthesized using bio reduction
method. Yield and morphology of nanocatalyst, synthesized by thisethod, depend on various reaction parameters such as reaction
ime, light, pH, initial concentration, temperature, mixing speed,
he electron donor,and its concentration [11,14-18] . In this exper-
ment, reaction was performed at constant room temperature 24 h
ig. 2 shows the effect of pH on catalyst yield. Fig. 2 shows the
ffect of the pH yield of synthesized nanocatalyst. Fig. 1 demon-
trates that at pH 2, the yield of nanocatalyst was low and it ex-
anded after increment in pH and yield of the catalyst is the most
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Fig. 16. Effect of pH on % reduction of COD at different irradiation of times (Catalyst 
loading = 1 g/L, T = 30 °C). 
Fig. 17. Effect of the amount of ZnO/SiO 2 on reduction of acenaphthylene at differ- 
ent irradiations time (pH = 9 and T = 30 °C). 
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Table 7. 
Design matrix for 2 5 –2 for fractional factorial design employed 
for acenaphthylene photocatalytic degradation. 
S. No. A B C D E 
% Degradation 
acenaphthylene 
Experimental 
1 1 1 1 1 1 36.3 
2 1 −1 1 −1 1 68.1 
3 −1 −1 1 1 −1 34.2 
4 1 1 −1 1 −1 36.1 
5 1 1 −1 1 −1 36.1 
6 1 −1 1 −1 1 70.8 
7 1 −1 −1 −1 −1 72 
8 −1 1 −1 −1 1 73 
9 1 1 1 1 1 36.1 
10 −1 1 1 −1 −1 69 
11 −1 1 −1 −1 1 73 
12 1 −1 1 −1 1 67.8 
13 −1 −1 −1 1 1 38.2 
14 1 1 1 1 1 36.1 
15 −1 1 1 −1 −1 70.1 
16 −1 −1 −1 1 1 38.5 
17 −1 1 1 −1 −1 70.1 
18 1 −1 −1 −1 −1 68.2 
19 −1 −1 −1 1 1 38.6 
20 1 −1 −1 −1 −1 68.5 
21 −1 1 −1 −1 1 73.3 
22 −1 −1 1 1 −1 36.7 
23 −1 −1 1 1 −1 36.6 
24 1 1 −1 1 −1 38.3 
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olevated at 9.0 pH. After 9.0 pH level, no signiﬁcant increment
as seen in yield of synthesized nanocatalyst through biosynthesis
ethod [28-34] . 
.3. Characterization 
.3.1. FEG-SEM and EDX analysis 
Fig. 2 EDX spectra of palash leaves powder and shows that Sil-
ca in palash leaves power is 1.48 percent. Fig. 4 shows EDX spec-
ra for synthesized ZnO/SiO 2 nanocatalyst, it is found by EDX anal-
sis that elemental composition of nanocatalyst is C = 47.5%, O
 34.33%, Si = 8.19%, Zn = 4.48%, Re = 1.75%, Mg = 1.71%, Ca = 1.17%,
u = 0.42%, S = 0.23%, Cl = 0.15%, K = 0.08. EDX spectra shows that
trong peaks are found for Si, O, Zn and C in synthesized nanocat-
lyst so it is conﬁrmed that synthesized nanoparticles are ZnO and
iO 2 [16] . due to the presence of some palash leaves’ powder, C is
lso found with catalyst. Many researches show that carbonaceous
anomaterials enhance photocatalyst activity of catalyst [17] . 
Fig. 5 shows FEG-SEM image of synthesized ZnO/SiO 2 nanocat-
lyst. The particle size, shape and surface morphology of the ZnOSiO 2 nanocatalyst were analyzed by FEG-SEM image. By FEG-SEM
mage, it is analyzed that synthesized nanoparticles are in nanor-
nge [16] . FEG-SEM image shows agglomeration at some spot in
anocatalyst sample due to presence of large particlesof C . From
EG-SEM, image histogram is prepared and by the histrogram
raph, particle size range and mean particle diameter arecalculated
sshown in Fig 6 . The particle size ranges from 8 to 40 nm and
ean particle diameter is 20 nm.It has been found that nanoparti-
les are spherical in shape from FEG-SEM Image [18] . 
.3.2. TEM analysis 
Fig. 7 shows TEM image and Fig. 9 shows HR-TEM image for
ingle particles and Fig. 8 shows its histogram graph. From TEM
mage, particle size and mean particle diameter are calculated and
article size range is found from 7.83 nm to 37.9944 nm and
ean particle diameter is 22.85 nm. Similar kind of result is ob-
ained from FEG-SEM analysis. Thus, it is conﬁrmed that synthe-
ized nanocatalyst are in nanorange of 8 to 20 nm [18,19] . 
.3.3. XRD analysis 
Fig. 10 shows XRD analysis of synthesized ZnO/SiO 2 nanocat-
lyst. From XRD analysis, phase identiﬁcation is done. XRD result
hows prominent peaks of Carbon (C) and weak and clear peaks
f ZnO and SiO 2 nanocatalyst [17] . XRD peaks conﬁrmed the pres-
nce of ZnO corresponding to PDF No. 800,075. Lattice Constance
parameters) a and c were calculated to be 3.25 A˚ and 5.209 A˚
espectively [16,18] . From XRD, results show that crystal structure
f ZnO is found hexagonal; it is more stable form in the environ-
ent. XRD peaks conﬁrmed the presence SiO 2 corresponding PDF
o. 861,630 and 860,681 [18,14] .Particles mean diameter is calcu-
ated by XRD results with the help of Debye Sherrer’s equation. 
 = 0 . 94 λ/ Bcos θ (6) 
rom above equation, itis conﬁrmed that mean particle diameter
f synthesized nanocatalyst is 20.2 nm. 
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Fig. 18. (a) Pareto Chart of the standardized effects of single and interaction factors on % acenaphthylene photodegradation. (b)Normal plot of the standardized effect of 
single and interaction factors on % acenaphthylene photodegradation. 
Fig. 19. Plot for effects of various parameters on % removal of acenaphylene. 
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e  3.3.4. AFM analysis 
Fig. 11 Shows AFM analysis of ZnO/SiO 2 nanocatalyst synthe-
sized by palash leaves powder and from histogram images it is
conﬁrmed that particles size rage is 7 nm to 38 nm. 
3.3.5. FTIR analysis 
Fig. 12 shows FTIR analysis palash leaves powder to ﬁnd func-
tional group present in it and found that transmittance peak at
414 cm-1 for Si-O stretching, peak at 3618 cm-1 for O –H stretch-
ing for phenolic group, peak at 660 cm-1 for N –H stretching for
amines,peak at 1030 cm −1 for C –N stretching for aliphatic amines,
peak at 1310 cm −1 for C –O stretching for alcohols and peaks at
1640 cm −1 for N –H stretching for primary amines are due to
functional groups present in palash leaves because it contain pro-
tein, Carbohydrate and ﬂavonoids biomolecules. Fig. 13 shows FTIR
analysis of ZnO/SiO 2 nanocatalyst. From FTIR analysis of Fig. 13 ,
functional groups for corresponding IR frequencies are shown inable. 6 for synthesized ZnO/SiO 2 nanocatalyst. From FTIR analy-
is, presence of various functional groups is identiﬁed in a sample
f synthesized nanocatalyst. These functional groups work as cap-
ing and stabilizing agents. FTIR result is also showing stretching
or Si-O-Si and in Zn-O, thus it has been conﬁrmed that synthe-
ized nanocatalystis ZnO/SiO 2 nanocomposite. From FTIR image, it
an be said that ZnO stretching is found at IR frequency 492.83 and
634.73 [13,18,20] . And for SiO 2, IR, frequency is found at 981.80
028.09 and 1065.71 [20] . 
.4. Treatment of petroleum reﬁnery eﬄuent by ZnO/SiO 2 
anocatalyst 
The percent removals of pollutant, by photocatalytic reaction,
epend on various factors like catalyst load, pH, time, UV-light in-
ensity, temperature and initial concentration of pollutants [4] . The
ffectiveness of catalytic reaction is analyzed by changing various
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Fig. 20. (a) Contour plot for % acenaphthylene photodegradation versus a time and catalyst load (hold values: UV light intensity = 11 W/cm 2 ,pH = 9, and Temper- 
ature 30 °C, initial concentration = 50 mg/L). (b) Counter plot for % acenaphthylen photocatalytic degradation versus a time and Temperature (hold values: initial 
concentration = 50.00 mg/L, pH = 9, and catalyst loading = 1.0 g/L). 
Table 8. 
Design matrix for 2 5 –2 for fractional factorial design employed 
for COD photocatalytic degradation. 
S. No. A B C D E 
% reduction of 
COD 
experimental 
1 1 1 1 1 1 45.1 
2 1 −1 1 −1 1 65.1 
3 1 −1 −1 −1 −1 71.5 
4 −1 1 −1 −1 1 75.5 
5 −1 −1 −1 1 1 40.0 
6 −1 −1 1 1 −1 16 
7 −1 1 −1 −1 1 75.6 
8 −1 −1 −1 1 1 35.0 
9 1 1 −1 1 −1 35.1 
10 1 −1 −1 −1 −1 70.2 
11 −1 1 −1 −1 1 75.5 
12 1 −1 1 −1 1 60.3 
13 −1 −1 1 1 −1 75.1 
14 1 −1 −1 −1 −1 70.2 
15 −1 1 1 −1 −1 72.4 
16 −1 1 1 −1 −1 58.5 
17 1 1 1 1 1 28.4 
18 −1 −1 −1 1 1 60.0 
19 1 1 −1 1 −1 45.2 
20 1 −1 1 −1 1 70.6 
21 −1 1 1 −1 −1 67.4 
22 1 1 1 1 1 47.6 
23 −1 −1 1 1 −1 37.9 
24 1 1 −1 1 −1 49.0 
Table 9. 
Optimum condition. 
Parameter (Unit) Value 
Initial COD concentration (mg/L) 225 
Initial acenaphthylene concentration (mg/L) 50 
Catalyst loading (g catalyst/L solution) 1.0 
Solution pH 9 
Temperature ( °C) 30 
UV intensity (W/m 2 ) 11 
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t  actors and determined optimum values for corresponding factors.
he photocatalytic reaction is performed under UV-light source for
etter results.100 mg/L, 75 mg/L and 50 mg/L initial concentration
f acenaphthylene was taken for photocatalytic degradation and
heir concentrations were determined by HPLC analysis. COD was
educed from petroleum reﬁnery eﬄuent and concentration was
etermined by spectrophotometer the initial concentration of CODas 550 mg/L, 375 mg/L and 275 mg/L was measured for photo-
atalytic degradation. 
.4.1. Effect of time 
Figs. 14 and 16 show percent removal of acenaphthylene and
OD with time and pH. And it shows from these graphs that ini-
ially % reduction increase with increasing time fatly but after 4 h
eaction time catalyst gets saturated and no signiﬁcance increase
ccurred so the optimum time is 4 h 
.4.2. Effect of catalyst load 
The effect of the amount of ZnO/SiO 2 nanocatalyst on degrada-
ion of acenaphthylene and COD is shown in Figs. 15 and 17 re-
pectively. The photocatalytic degradation eﬃciency increases with
ncrease in the amount of photocatalyst until about 1 g/L of the
atalyst and then deceases mildly. The reason of this perception is
hought to be the way that increasing the concentration of the cat-
lyst cause an increase in the reaction rate, not just as a result of
n increase of the active site of the catalyst but also because of an
ncrease in the hydroxyl radical generation: however, on the other
and, when enough ZnO/SiO 2 is present in the suspension for pol-
utants molecules, the additional higher quantities of it would not
ave more effect on the degradation eﬃciency. Then again, an ex-
anded haziness of the suspension achieved as a results of excess
f ZnO/SiO 2 particles [10,11] . 
.4.3. Effect of pH on percent removal of pollutants 
pH is one of the variables impacting the rate of degradation of
ome organic compounds in the photocatalytic process. It is like-
ise an essential working parameter in wastewater treatments.
igs.14 and 16 shows the photocatalytic degradation of acenaph-
hylene and COD at different pH values. The most appropriate sig-
iﬁcant variation is within the pH range of 9–11.At pH 3 to 8 pro-
onation takes place and the protonated products are more stable
nder UV-radiation than its main structure. At pH 3 to 8 the cata-
yst surface is positively charged leading to a lower level of degra-
ation. At pH 9, there are signiﬁcantly higher molecules in their
on-protonated from providing higher level of adsorption into cat-
lyst surface and then degradation to be favored. It is important
hat the formation of hydroxyl radicals in acidic solutions and in
he presence of oxygen assists the degradation of substrate .In the
cidic media, the catalyst surface is positively charged. In the al-
aline media the catalyst surface is negatively charged. The COD
nd, acenaphthylene molecules lose the proton under these condi-
ions, and it increases low tendency to be adsorbed onto the cat-
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Fig. 21. (a) Pareto chart of the standardized effects of single and interaction factors on% COD photodegradation.(b) Normal plot of the standardized effect of single and 
interaction factors on % COD photodegradation. 
Fig. 22. Plot for effects of various parameters on % removal of COD. 
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aalyst surface. Because, the difference between COD and acenaph-
thylene degradation eﬃciency under the pH 3–8 and 10–11 than
9, after 4 h the 9 pH was chosen as an optimum pH value and the
experiments was followed under this pH. So the optimum pH for
the reaction is obtained from Figs. 14 and 16 for acenaphthylene
and COD respectively. 
3.4.4. Effect of temperature 
In the range 25 to 30 °C, low upgrades in the COD, acenaph-
thylene removal were observed which must be because of the low
activation energy of photocatalytic reaction. At theses tempera-
ture range photocatalysis is not very much temperature dependent.
However, an expansion in temperature helps the reaction to com-
pete more eﬃciency with the recombination of valance band hole
and conduction band electron On the other hand, an expansion
in temperature diminishes the dissolvability of oxygen in water
which is not desirable. Temperature higher than 30 °C will bring
about signiﬁcant evaporation of the solution during the experi-ents. Since the difference between the degradation eﬃciency of
OD and acenaphthylene in the temperature range 25–30 °C, the
mbient temperature (25 °C) was picked as the most reasonable
emperature esteem without the need to direct the temperature. 
.4.5. Effect of initial concentration of pollutants 
The COD and acenaphthylene removal decreases as the initial
oncentration of COD and acenaphthylene, initial solution pH in-
reases after 9 pH. As the initial concentration of pollutants in-
reases, the equilibrium adsorption of pollutants on the catalyst
ctive sites also increase, hence competitive adsorption of . OH on
he same site decrease. This implies a lower development rate of
 OH radical responsible for pollutants degradation. Additionally as
he initial dye concentration increases, the way length of photons
merging the solution decreases, which result in lower photon ad-
orption on catalyst particles, and therefore bring down photocat-
lytic reaction rates. 
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Fig. 23. (a) Contour plot for % COD photodegradation versus a time and cat- 
alyst load (hold values: UV light intensity = 11 W/cm 2 , pH = 9, and Temperature 
30 °C, initial concentration = 50 mg/L). (b) Counter plot for % acenaphthylen 
photocatalytic degradation versus a time and Temperature (hold values: initial 
concentration = 50.00 mg/L, pH = 9, and catalyst loading = 1.0 g/L). 
3
 
9  
s  
r  
t  
f
 
t  
i  
o  
s  
C  
F  
t
 
(  
c  
t  
o  
s
r  
t  
F  
a
 
 
 
 
 
 
Fig. 23. Continued 
Fig. 24. Plot for intra-particle diffusion of acenahthylene at various initial concen- 
trations. 
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s.5. Optimization results analysis 
Analysis of the fractional factorial design results was done at
5% conﬁdence level (p < 0.05) using the % degradation as the re-
ponse factor. Pareto graph was used to reach conclusions on the
elative signiﬁcance of the studied factors as well as the interac-
ions between them while the direction of effects was obtained
rom the normal plot of the standardized effects. 
A positive effect indicates that the studied response increases in
he presence of high levels of these variables, while negative effect
ndicates that the response increases in the presence of low levels
f these variables, within the studied range. Fractional Factorial de-
ign matrix has been shown for acenaphthylene in Table 7 and for
OD in Table 8 . Acenaphthylene and COD can be calculated from
ractional Factorial design by Regression Eqs. (8) and (9) respec-
ively [10,11] . 
The regression equation is: 
( %degradationofacenaphthylene ) = 53 . 57 − 0 . 70A + 0 . 39B 
− 0 . 91C − 16 . 75D + 0 . 58E − 0 . 10BC + 0 . 10BE (8) 
The regression equation is: 
%reductionofCOD = 56 . 13 − 1 . 27A + 0 . 14B − 2 . 43C 
−13 . 27D + 0 . 42E − 0 . 61BC + 1 . 25BE (9) 
UV light intensity is constant in this experiment. Fig. 18 (a) and
b) for acenaphthylene and 21 (a) and (b) for COD removal indi-
ates pareto Chart of the standardized effect of single and interac-
ion factors. Initial concentration of acenaphtylene (D) was found
f most signiﬁcant impact with a negative .On the other hand, the
igniﬁcant interaction terms were as follows: irradiation time –
eaction temperature (BE), with a positive effect, and irradiation
ime- catalyst loading (BC), with a negative effect as appeared in
igs. 19 and 20 , (a) and (b) for acenaphthylene and 22 and 23, (a)
nd (b) for COD .It could be concluded from these results that: 
(i) Treatment of samples containing low concentration of COD and
acenaphthylene should require and reduced pH, catalyst load-
ing. And increased temperature has positive effect on % removal
of COD and acenaphthylene [10,11] .At high COD and acenaph-
thylene concentration levels, the active sites of ZnO/SiO 2 get
soaked and more photons are retained leading to a decline in
the eﬃciency of photodegradation of COD and acenaphthylene. ii) ZnO/SiO 2 nanocatalyst loading did not signiﬁcantly inﬂuence
the photodegradation procedure. This demonstrated the photo-
catalytic system had achieved a steady state over the range of
1.0 g/L. When all is said in done, expanding ZnO/SiO 2 below the
steady state increases the photocatalysis because of the expan-
sion of the available active site. Further addition of the cata-
lyst has been reported to decrease the photocatalytic eﬃciency
because of low light entrance and agglomeration of ZnO/SiO 2 
nanocatalyst. 
ii) It ought to be noticed that the non-noteworthy impact of pH
on the photocatalytic performance of ZnO/SiO 2 was in agree-
ment to the theoretical understanding of the catalyst behavior
of ZnO/SiO 2 talked about prior. 
.6. Kinetic study 
The kinetic study was performed for acenaphthylene and COD
o know the mechanism of the rate of photocatalytic reaction.
he experimental statistics of photocatalytic reaction for acenaph-
hylene and COD were ﬁtted in different kinetic models. The
 
2 , K, normalized deviation (ND) and normalized standard devia-
ion (NSD) Value for COD removal for zero-order, ﬁrst-order and
econd-order and for intra-particle diffusion were found and have
een shown in Table 10 . Plot for intra-particle diffusion for ace-
aphthylene and COD at different initial concentration have been
hown in Figs. 24 and 25 respectively [21,22] . 
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Table 10. 
Kinetic modeling for different model at different initial concentration. 
S. No. Kinetic model Model parameter Value for COD reduction Value for acenaphthylene degradation 
1. Zero-order kinetic models R 2 .9803 .9802 
d 
dt 
( C t ) = K C t K 92.08 15.09 
ND 5.09 5.06 
NSD 9.87 7.89 
2. First-order kinetic model R 2 0.986 0.9826 
ln ( C 0 
C t
) = K t K 92.98 16.01 
ND 3.08 5.078 
NSD 6.07 9.86 
3. Second-order kinetic model R 2 0.985 0.989 
1 
( C t ) 
= K t + 1 
C 0 
K 93.98 20.65 
ND 3.98 4.99 
NSD 7.89 8.97 
4. Intra-Particle Diffusion Model R 2 0.982 0.9864 
q t = K t ½ + C K 94.07 22.46 
ND 4.5003 3.456 
NSD 5.0012 8.456 
Fig. 25. Plot for intra-particle diffusion of COD at various initial concentrations. 
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 4. Conclusions 
The present work of biosynthesis of ZnO/SiO 2 nanocatalyst by
palash leaves powder is green synthesis route. This method is rapid
and eco-friendly. In this method, Palash leaves’ Powder is used as
reducing and stabilizing agent to synthesized ZnO/SiO 2 nanocat-
alyst in place of chemicals so it is an eco-friendly and nontoxic
method. From EDX and XRD analysis, it is conﬁrmed that palash
leaves contain SiO 2 naturally which increases photocatalytic effec-
tiveness of nanocatalyst. EDX results also show that other metals
ions are also present naturally in Palash leaves which increase ac-
tivity of nanocatalyst. From FEG-SEM image, TEM and XRD parti-
cle size and mean particle diameter of nanocatalyst were calcu-
lated and they have been found in nano range. The mean parti-
cle diameter is 20 nm and particles are in 8 nm to 40 nm range.
The EDX and XRD results conﬁrmed that particles are ZnO/SiO 2 
nanocatalyst. FTIR results show stretching for ZnO and SiO 2 and
for various functional groups which work as capping and stabiliz-
ing agents for ZnO/SiO 2 nanocatalyst. The optimum photocatalytic
degradation acenaphthylene, and chemical Oxygen Demand is 73%,
and 75% respectively at 4 h as reaction time, 30 °C as reaction tem-
perature and 1 g/L dose of ZnO/SiO 2 nanocatalyst. 
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